several photosynthetic systems including the blue green algae anacystis nidulans and also chlorella pyrenoidosa. We have found that the high efficiencies for the conversion of solar energy is related to the high concentration of pigment dye molecules in cells. Specifically, the low quantum efficiency of these species can be simulated by mixing component dye species in a cell in about the same concentration and proportions present in the live cells.
An experimental result showing the fluorescence decay curves for chlorophyll a at two different concentrations is shown in Fig. 1 . Chlorophyll a is present in living cells in about a concentration of 0.1 M. The decay time for this molecule in chloroform was measured to be as short as 10 & 5 psec at 0.1 M concentration. Living cells show similar decay characteristics, and anacystis nidulans decays smoothly in intensity with a lifetime of 75 & 10 psec. Careful calibration shows that the decay curves for photosynthetic species and for pigments at high concentrations are not exponential, but are very nearly of the same form as predicted by Forster.' The concentration quenching mechanism responsible for the observed fluorescent decay curves will be discussed.
Previous measurements on fluorescent decay times for anacystis nidulans and chlorella pyrenoidosa have indicated longer lifetimes than we report. Our results are more in accord with the known quantum efficiencies, and are made possible by the improvement in technique because of the application of the streak camera.
There has been much interest lately in resolving events on the picosecond time scale; however, it has been generally believed in the literature3 that the typical fluorescent risetimes of commercial plastic scintillators were at best 300 ps. The measured risetime of NE 102, for example, under excitation of picosecond bursts of beta radiation was 0.9 ns in Ref. 3. Recently, however, Duguay and Olsen4 have measured much faster fluorescent risetimes (-60 ps) when exciting NE 102, a commonly used plastic scintillator, with ultrashort bursts of X-ray radiation. This result has great potential importance as these scintillators can be used with optical gates or streak cameras to resolve ultrafast high-energy events. We have excited NE 102 with picosecond light pulses in an attempt to resolve any risetime discrepancy. We find that the risetime of the resulting 4200 8, fluorescence is less than 50 and 20 ps, for 0.265 and 0.353 pm, respectively. The rapid risetime of the observed fluorescence cannot be explained by pure radiative transfer of the energy between the dye molecules but is consistent with the Forster mechanism.* Our results are consistent with Duguay and O l~e n .~
The experiment consists of a mode-locked Nd :glass laser which emits pulses of about 8-ps duration at 1.06 pm. These pulses are frequency doubled and/or summed in two consecutive KDP crystals to produce 0.353-and 0.265-pm radiation. Due to the dispersive properties of KDP, it is necessary to use a short fourth harmonic crystal (-3 mm) to insure that the resultant 0.265-pm pulses are not temporally stretched. We estimate that our exciting pulses were 10 ps in duration (FWHM). These harmonic pulses then excite the sample (thickness 0.3 mm) which emits fluorescence which is collected by a glass lens onto the slit of a LASL streak camera. Because of limitations inherent in the collection of light, the resolution of the 0.265-and 0.353-pm excited fluorescence was limited to about 50 ps and 20 ps, respectively. Data were recorded on both Polaroid and Kodak 2484 film. The function of a ternary scintillator, composed of a solvent (x) and two solute dye molecules, is to convert the energy supplied by a particle or electromagnetic wave into the emission of light waves in a wavelength range best adapted for photomultiplier sensitivity. The energy first goes to the main constituent X , is then transferred nonradiatively to the primary solute molecule Y , and is finally transferred to the molecule 2 which emits light near 4200 8,.
In our experiment, the 0.353-pm radiation was used to directly excite molecule 2 while the 0.265-pm radiation excites both X and Y molecules. The risetime of the resulting fluorescence at 4200 8, thus gives a measure of the nonradiative transfer time. A typical result is shown in Fig. 1 .
The rapid risetimes of the fluorescence observed, is. t50 and <20 ps for 0.265-and 0.353-pm excitation respectively, cannot be explained by pure radiative transfer of the energy between the dye molecules. Rather, as first pointed out by Forster,' a nonradiative dipole-dipole interaction can account for the very rapid observed transfer times. High-speed radiation cameras typically employ fast scintillators and framing cameras constructed of electronically shuttered imageintensifier arrays. With these systems, highspeed photographs of pulsed radiation sources are possible. For such systems, the meaningful time resolution is limited by the 1.7-11s fluorescence lifetime of the scintillator material and by the gating potential of commercial image intensifiers. To avoid these limitations, we have developed an ultra-high-speed radiation camera which makes use of the photo-absorption phenomena associated with the hydrated electron and of the picosecond pulses obtainable from a mode-locked dye laser.
High-speed Radiation
Previous work has shown that the photoabsorption phenomena of the hydrated electron can be used as a sub-nanosecond pulse dosimetry mechanism. Acidic aqueous solutions can function as absorption mechanisms which convert rapidly changing radiation' patterns into corresponding optical absorption patterns. Separate, time-resolved, high-resolution images of these transient absorption patterns can be transferred to photographic film with short laser pulses. The effective exposure time for the transferred image is limited by the absorption center lifetime and the width of the sampling laser pulse. Since mode-locked laser pulses of less than 5 ps can be obtained, the potential time resolution for such a system should be about 20 ps. The potential time resolution for such a system is far superior to existing scintillator-type framing camera systems.
In order to investigate the technical difficulties and develop the technique associated with the radiation camera outlined above, we have built and operated a 12-frame camera. A frame exposure time of 2.5 ns is achieved with a Pulse Transmission Mode (PTM) ruby laser. An optical beam-splitter delay arrangement provides 12 frames with an interframe time of 3 ns ( 3 x lo8 frames per second). With this radiation camera, we have obtained photographs of a 60 ns (FWHM) burst of high-energy electrons absorbed in an aqueous cell.
Employment of a mode-locked dye laser and electronically gated image intensifiers has yielded a second-generation camera which obtains picosecond images and minimizes the synchronization problems inherent in the firstgeneration system. With the synchronization problems minimized, a six-frame camera with picosecond exposures and a 1-ns interframe time has been made a useful diagnostic tool. With this picosecond framing camera, we have obtained six frames containing 66-and 400-ps images of a 3-11s burst of high-energy electrons absorbed in an aqueous cell. These photographs contain previously unavailable information concerning the time-resolved electron-energy spectrum of a 706 Febetron.
